Problem solving strategies in parallel research and development projects by Allen, T. J.
--7 -1. 
/ RESEARCH PROGRAM ON THE 
QRGANIZATION AND MANAGEMENT OF R AND D 
SOLV I NG STRATEGI ES I N  PARALLEL 
ESEAWH AND DEVELOPMENT 
THOMAS J. ALLEN 
JUNE, 1965 # 126-65 -
An abbrev iated vers ion  of t h i s  paper was presented t o  t h e  Nat ional  
Meet ing of t h e  I n s t i t u t e  of Management Sciences, San Francisco, 
February 5, 1965. Th is  study was i n i t i a l l y  supported by a g ran t  
from t h e  Nat ional  Aeronaut ics and S p a e  Admin is t ra t ion,  and s ince 
November 1963, by a g ran t  from t h e  Nat ional  Science Foundation. The 
author  g r a t e f u l l y  acknowledges t h e  ass is tance of Maurice P. Andrien, 
J r . ,  Richard J. B j e l l a n d  and Wi l l iam D. Put t ,  and of t h e  many com- 
panies, p r o j e c t  managers and engineers who must remain anonymous b u t  
w i thout  whose h e l p  t h e  study could n o t  have been conducted. 
https://ntrs.nasa.gov/search.jsp?R=19660003700 2020-03-16T22:12:07+00:00Z
ABSTRACT 
/a 989 
Three p a i r s  o f  p a r a l l e l  R & D p r o j e c t s  a re  
examined. The data analyzed were gathered by means 
o f  So lu t i on  Development Records--a form which pro- 
v ides  a weekly est imate of the  p r o b a b i l i t y  o f  adop- 
t i o n  o f  t h e  approaches under cons idera t ion  as pos- 
s i b l e  so lu t i ons  t o  a techn ica l  problem. I t  i s  found 
t h a t  t h e  longer an approach i s  ind ica ted  by these 
forms t o  be i n  a favored pos i t i on ,  t h e  more d i f f i -  
c u l t  it i s  t o  r e j e c t .  Furthermore, t h e  number o f  a l -  
t e r n a t i v e  techn ica l  approaches considered bears a 
r e l a t i o n  t o  judged so lu t i on  q u a l i t y .  Groups pro- 
ducing h igher - ra ted  so lu t ions  generated fewer ap- 
proaches du r ing  t h e  course of t h e  p r o j e c t ,  and 
they more c l o s e l y  approach an ideal  s t ra tegy  o f  
approaches o f f  on a two-at-a-time bas is  than do t h e i r  
poorer per forming r i v a l s .  
The research and development process prov ides a chal lenge t o  t h e  
behaviora l  s c i e n t i s t  who wants t o  study t h e  process o f  human problem so l -  
v i n g  i n  v i v o .  Engineers and s c i e n t i s t s  i n  R & D l abo ra to r ies  devote t h e i r  
careers t o  t h e  so l v ing  o f  ra the r  soph is t i ca ted  problems, and t h e  study o f  
t h e i r  behavior should t e l l  us much about t h e  h igher  mental processes. 
Such a study, however, presents t h e  researcher w i t h  two d i f f i c u l t i e s  
which he must reso lve .  The f i r s t  of these i s  access. Access must be 
gained, no t  on l y  t o  t h e  laboratory  under study, bu t  t o  t h e  s u b t l e  men- 
t a l  processes of i n d i v i d u a l  s c i e n t i s t s .  Th is  i s  a standard problem i n  
psychology, bu t  t h e  r e a l - l i f e  environment serves t o  compound it. 
Observable ind ices  t h a t  i n  some way prov ide  v a l i d ,  r e l i a b l e  est imates 
of t h e  ac tua l  c o g n i t i v e  data must be es tab l i shed.  
v a l i d i t y  and r e l i a b i l i t y  t h e  ndices must f u r t h e r  be h i g h l y  e f f i c i e n t  
i n  terms o f  t h e  t ime requ i red  on t h e  p a r t  o f  subjects .  The l a t t e r  re-  
quirement i s  imposed by the  f e l d  s i t u a t i o n ,  and i s  abso lu te l y  essen- 
t i a l  t o  t h e  recru i tment  of cooperat ive sub jec ts .  
I n  a d d i t i o n  t o  
The second d i f f i c u l t y  t o  be faced i s  t h a t  of problem comparab i l i t y  
and s o l u t i o n  eva lua t ion .  I n  the psychologica l  laboratory ,  t h i s  i s  e a s i l y  
managed by ass ign ing  t h e  same problem t o  la rge  numbers o f  co l l ege  so- 
phomores. The substance o f  the problem i s  c o n t r o l l e d  so t h a t  a v a l i d  
comparison can be made o f  t h e  sub jec ts '  approaches. I n  add i t i on ,  t h e  
problems a re  genera l l y  o f  a type which has bu t  one c o r r e c t  s o l u t i o n .  The 
sample of problems can then be s p l i t  i n t o  those hav ing c o r r e c t  and incor-  
r e c t  s o l u t i o n s  and approaches may be r e l a t e d  t o  success r a t e .  
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Whi l e  we, as researchers, have n o t  reached t h e  leve l  o f  a f f l u e n c e  
where we can h i r e  a number o f  engineers and assign them the  same pro- 
blem, t h e r e  a re  organ iza t ions  such as N.A.S.A. and t h e  Department of 
Defense who can. Fo r  t h i s  reason, instances i n  which two or more 
R h D labo ra to r ies  have been awarded a c o n t r a c t  t o  perform t h e  same 
p re l im ina ry  design or research i n v e s t i g a t i o n  were sought ou t  for  study, 
A t  t h e  present  t ime, about a dozen se ts  of two or t h r e e  p a r a l l e l  
p r o j e c t s  have been located and studied, Th is  paper w i l l  p resent  t h e  
r e s u l t s  o f  an ana lys i s  o f  t h ree  o f  t h e  e a r l i e s t  completed sets. 
Once a p a r a l l e l  p r o j e c t  has been located, i t s  work statement i s  
obta ined and analyzed and factored i n t o  a reasonable number o f  sub- 
problem areas (genera l l y  subsystems). The breakdown i s  then checked 
w i t h  the  techn ica l  person who prepared t h e  work statement, and da ta  
c o l l e c t i o n  forms based upon it are designed. A f t e r  a l l  data have been 
c o l l e c t e d  from t h e  cont rac tors ,  the techn ica l  moni tor  i s  r e v i s i t e d  
and asked t o  prov ide  a c o n f i d e n t i a l  eva lua t i on  o f  each l a b ' s  pe r fo r -  
mance on each subproblem. Data a r e  gathered by f o u r  means: ( 1 )  
t i m e  a l l o c a t i o n  forms, i n d i c a t i n g  t h e  amount of t i m e  each engineer 
spends on t h e  job  i n  several  a c t i v i t y  categor ies;  ( 2 )  before  and a f t e r  
i n te rv iews  w i t h  i nd i v idua l  engineers: (3) p e r i o d i c  tape recorded pro- 
gress r e p o r t s  by t h e  p r o j e c t  manager; and ( 4 )  s o l u t i o n  development re-  
cord s,  
The S o l u t i o n  Development Record, which i s  t h e  p r i n c i p a l  source o f  
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t h e  data presented i n  t h i s  paper, i s  a research 
record over t ime o f  t h e  progress o f  an i nd i v idua  
engineers (o r  s c i e n t i s t s )  toward t h e  s o l u t i o n  of  
The lead eng 
a weekly e s t  
t h e  probab i l  
s u bp rob I em. 
neer responsib 
mate, f o r  each 
t y  t h a t  it w i  I 
ool which prov ides a 
engineer o r  group o f  
a techn ica l  problem. 
e f o r  each subproblem i s  asked t o  p rov ide  
a l t e r n a t i v e  approach under considerat ion,  of 
be f i n a l l y  chosen as t h e  s o l u t i o n  t o  t h a t  
Re fe r r i ng  t o  F igure  I ,  i f  a t  some p o i n t  i n  t h e  design t h e  respondent 
were cons ider ing  two techn ica l  approaches t o  rendezvous a t  Uranus, and 
he were completely uncommitted between t h e  two, he would c i r c l e  0.5 
for  each, as shown. Eventual ly  as t h e  s o l u t i o n  progresses, one a l t e r -  
n a t i v e  w i l l  a t t a i n  a 1.0 p r o b a b i l i t y  and t h e  o the rs  w i l l  become zero. 
By p l o t t i n g  t h e  p r o b a b i l i t i e s  over time, we o b t a i n  a g raph ic  record o f  
t h e  s o l u t i o n  h i s t o r y .  A l t e r n a t i v e  approaches a re  i d e n t i f i e d  from t h e  
con t rac t  work statement, when so spec i f ied ,  o r  from t h e  responsib le  en- 
g ineer  when he i s  in terv iewed pr io r  t o  beginning t h e  task .  Blank 
spaces a re  always provided so t h a t  new approaches may be repor ted as they  
a r i s e .  I n  cases where a respondent be l i eves  t h e r e  i s  some p r o b a b i l i t y  
of choosing an approach which he cannot c l e a r l y  spec i f y  a t  t h e  time, he 
i s  i ns t ruc ted  t o  ass ign a p r o b a b i l i t y  t o  an approach which he may c a l l  
"o ther  ." 
A copy o f  t h e  form i s  ma 
forms a re  s u f f i c i e n t l y  f l e x i b  
ted,  o l d  ones dropped, and i n  
reached and " f rozen",  subprob 
led every week t o  each respondent. The 
e, so t h a t  new a l t e r n a t i v e s  may be incorpora- 
instances i n  which an e a r l y  s o l u t i o n  i s  
ems a t  t h e  next  leve l  may be subs t i t u ted .  
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The Sol'ution Development Record, by economizing on t h e  respondent 's 
t ime, prov ides a q u i t e  e f f i c i e n t  record o f  a problem h i s t o r y .  When t h e  
p r o j e c t  i s  completed, each respondent i s  presented w i t h  a t ime-p lo t  o f  
h i s  p r o b a b i l i t y  estimates, and i s  in terv iewed a t  some length t o  de ter -  
mine causes and e f f e c t s  o f  design changes r e f l e c t e d  i n  t h i s  record.  
The p l o t  thus prov ides a s t imulus t o  t h e  man's memory and a s s i s t s  t h e  
i n v e s t i g a t o r  i n  ga ther ing  a de ta i l ed  record o f  each p r o j e c t .  
The th ree  p r o j e c t s  under considerat ion,  invo lved i n  t h e  f o l l o w i n g  
genera I prob I ems: 
1 .  The design of t h e  r e f  e c t o r  p o r t i o n  of a r a t h e r  la rge  
and h i g h l y  complex an enna system f o r  t r a c k i n g  and 
communication w i t h  space veh ic les  a t  very  g rea t  d i s -  
tances. 
2. The design of a veh ic le  and associated ins t rumenta t ion  
t o  roam the  lunar surface and gather d e s c r i p t i v e  
s c i e n t i f i c  data. 
3 .  An i n v e s t i g a t i o n  o f  passive methods f o r  t r a n s f e r  o f  modu- 
l a t i o n  between two coherent l i g h t  beams. 
Only t h e  f i r s t  o f  these w i l l  be discussed i n  any d e t a i l .  A l l  t h ree  
a r e  considered i n  the  aggregate s t a t i s t i c s  o f  our  data.  
The p l o t  o f  So lu t i on  Development Record p o i n t s  over t ime (F igure  2) 
FIGURE I 
MASSACHUSETTS INSTITUTE W TECHNOLOGY 
So I u t  I on Oeve I opment Record 
Manned Uranus Landing i n  an Ear ly Time Period Study 
General UnIted Aerospace Corporation 
Name Oat0 
Est imato of.- Probab I I i t y  t h a t  'A I t o m s t  I va w i I I 
be h p l o y o d  
Subproblem # I :  Method of 
rendezvous a t  Uranus 
A I te rna t  i ve approaches: 
o r b i t a l  rendezvous mission 
with excursion vehicle 
0 0.1 0.2 0.3 0.4 0 0.6 0.7 0.8 0.9 1.0 
orb i t a  I rendezvous m i  ss ion 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
without excursion vehicle 
d i r e c t  mission 0 0.1 ,0.2 0.3 0.4 0.6 0.7 0.8 0.9 1.0 
0 0.1 0.2, 0.3 0.4 0 . 3  0.6 0.7 0.8 0.9 1.0 
Subproblem #2: Design of the 
e l e c t r i c a l  power supply subsystem 
for the space vehicle 
, 
Alternative approaches: 
hydrogen-oxygen 
fue l  c e l l  
KOH f u e l  c e l l  
Rankine cycle f a s t  reactor 
Rankine cycle thermal reactor 
Breyton cycle reactor 
0 0.1 0.2 0.3 0.4 0 . 3  0 0.7 0.8 0.9 1.0 
0 0.1 0.2 0.4 0.5 0.6 0.7 0.8 0.9 I .O 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.0 0.9 1.0 
0 0.1 002 0.3 0.4 0,s 0.6 0.7 0.8 0.9 1.0 
0  0.2 0.3 0.4 0 . S  0.6 ,0.7 0.8 0.9 1.0 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 I .O 
0 0.1 0.2 0.3 0.4 065 0.6 0.7 0.8 0.9 1.0 
-5 
prov ides a r a t h e r  i n t e r e s t i n g  perspect ive on t h e  h i s t o r y  of a p r o j e c t  
and i l l u s t r a t e s  the  in t imate  r e l a t i o n  between techn ica l  in fo rmat ion  in-  
pu ts  and problem so lv ing  process. 
We can see here the  approaches fo l lowed by two engineer ing groups 
( l a b e l l e d  Lab A and Lab B> i n  the  design o f  t h e  r e f l e c t o r  sur face f o r  
an antenna. While both teams u l t i m a t e l y  decided upon t h e  same general 
approach, they a r r i v e d  there  by q u i t e  d i f f e r e n t  routes.  A b r i e f  sum- 
mary o f  t h e  h i s t o r y  o f  the  two s o l u t i o n  processes f o r  t h i s  subproblem 
w i l l  exp la in  much of  t h i s  d i f fe rence,  and w i l l  p rov ide  sane background 
substance for  much o f  t h e  data t o  be presented l a t e r .  
Rather e a r l y  i n  t h e  study, as ind ica ted  by f l a g  notes A - l  and 8-2, 
t h e  customer agency suppl ied both con t rac to rs  w i t h  the  r e s u l t s  of an 
ch would be experienced by 
n favor  a t  both labs. P r i o r  
l a t i o n  among t h e  t h r e e  a l -  
n tens ive  l i t -  
ca l  o r  ana- 
a t  t he  low 
experiment t o  determine t h e  w ind  loadings wh 
t h e  antenna. As a resu l t ,  approach 6 rose 
t o  t h i s  time, Lab A showed considerable vac i  
t e rna t i ves ;  Lab B, du r ing  t h i s  e a r l y  per iod,  conducted an 
e r a t u r e  search bu t  f a i l e d  t o  uncover any evidence of empir 
l y t i c a l  work hav ing been done wi th  f l a t  aerodynamic shapes 
a i r  speeds under considerat ion.  
A t  A-2 Lab A 's  aerodynamic s t a f f  repor ted wind load moments for  ap- 
A t  t h e  same time, t h e  proach y t o  be about tw ice  t h a t  f o r  o( or 6 . 
l Y  e I ectromagnet i c s t a f f  repor ted t h a t  approaches G( and @ s a t  i s f a c t o r  
met e l e c t r i c a l  requirements up t o  3 g igacyc les.  
An e lect romagnet ic  ana lys is  by Lab B shows t h a t  approach o( f a i  
s a t i s f y  t h e  e l e c t r i c a l  performance s p e c i f i c a t i o n .  This  i s  i nd i ca ted  
ed t o  
bY 
0.8 
0.6 
- 2  o 0.4 
I- 
o" 0.2 
I 1 1 I I I I I I I I I I I I 1 I I 
lL 
0 
0.8 
0. 6 
0.4 
LABORATORY 8 
%*TECHNICAL APPROACH a 
0-TECHNICAL APPROACH @ 
O'TECHNICAL AePROACH y 
0 4 8 12 16 20 24 828 32 36 
TIME (WEEKS) 
DESIGN OF ANTENNA RADIATION SUBSYSTEM 
FIGURE 2 
t 
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f l agno te  B-3. Dur ing t h e  same per iod (8-41, t h i s  labora tory  a t -  
tempted t o  ex t rapo la te  from prev ious ly  acqui red data (an e a r l i e r  
antenna) t o  est imate wind loads. 
About t h e  t w e l f t h  week (A-3) Lab A conducted a wind tunnel  study, 
which showed t h a t  approach f l  resu l ted  i n  a wind to rque considerably  
l a rge r  than t h a t  p red ic ted  by t h e  customer 's da ta  ( A - I ) .  Since ap- 
proach 4 d i d  no t  perform as wel l  as p, e l e c t r i c a l l y ,  one o f  t h r e e  
t h i n g s  now had t o  be done. E i t h e r  t h e  aerodynamic s p e c i f i c a t i o n  
had t o  be relaxed, a pena l ty  i n  e l e c t r i c a l  performance accommodated, 
or  a new a l t e r n a t i v e  meeting both t h e  aerodynamic s p e c i f i c a t i o n s  and 
t h e  e l e c t r i c a l  performance level  o f  approach 4 had t o  be generated, 
The l a t t e r  p o s s i b i l i t y  d i d  n o t  present i t s e l f ,  so nego t ia t i ons  w i t h  
t h e  customer over  s p e c i f i c a t i o n s  were pursued. 
The customer subsequently al lowed a r e l a x a t i o n  o f  t h e  e l e c t r i c a l  
s p e c i f i c a t i o n  (A-4) and approach 4 rose i n  favor .  
f i c a t i o n  was prov ided t o  Lab B as wel l ,  bu t  t h e r e  was no consequent 
change i n  t h e  probabi I i t y  leve l  o f  approach 4. 
r e s u l t e d  from t h e  f a c t  t h a t  B d id  no t  have a s  complete in fo rmat ion  
a s  A regard ing approach p .  
Lab B (B-5) was a r e s u l t  of some doubts which t h i s  lab had concerning 
t h e  f e a s i b i  l i t y  of t h e  approach, bu t  as f a r  as can be determined t h i s  
was n o t  based upon hard data. Fo l low ing  t h i s  b r i e f  pe r iod  o f  skept i -  
cism, $ rose r a p i d l y  t o  a 1.0 level  ( 8 - 6 )  and was f u r t h e r  es tab l i shed 
t h e r e  when, as  ind ica ted  by B-7, in fo rmat ion  concerning spec ia l  f a b r i -  
c a t i n g  machinery became ava i lab le .  
The change i n  speci- 
T h i s  undoubtedly 
The b r i e f  drop i n  p f s  p o s i t i o n  a t  
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A t  Lab A, meanwhile, approach o( encountered some d i f f i c u l  y w i t h  
And we see a r e s u l t i n g  dropof f  a t  note A-5 Lab t h e  cos t  ana lys ts .  
A remained i n d i f f e r e n t  between (I( and 6 f o r  q u i t e  some t ime  wh i e t rade-  
o f f  s tud ies  were pursued (A-6).  Numerous contac ts  were made w i t h  ven- 
dors t o  determine the  cos ts  associated w i t h  var ious  e labo ra t i ons  o f  
t h e  two approaches. 
F i n a l l y ,  a t  A-7, in format ion was ob ta  ned frm t h e  Weather Bureau 
which al lowed a 20% reduc t ion  i n  t h e  wind oading s p e c i f i c a t i o n .  Th is  
in fo rmat ion  was instrumental  i n  Lab A ' s  de i s i o n  t o  adopt approach p .  
The work statement for t h e  subsystem under cons idera t ion  suggested 
t h r e e  techn ica l  approaches, and these were t h e  o n l y  ones considered 
by t h e  two teams. That t h i s  'rs no t  always t h e  case can be demonstrated 
by a look a t  another of t h e  antenna subsystems (F igu re  3).  
Here we see design h i s t o r i e s  f o r  t h e  p o s i t i o n  feedback subsystem. 
Space does n o t  permi t  a de ta i l ed  d iscuss ion  of t h e  p ro toco l  f o r  t h i s  
subproblem, so we w i l l  merely p o i n t  o u t  t h e  i n t r o d u c t i o n  of new ap- 
proaches du r ing  t h e  course of the p r o j e c t .  The work statement f o r  
both labs suggested approaches o( , @ and y . 
however, and generated two new approaches each (6, e ,  r a n d ? ) .  
Both r e j e c t e d  these, 
I n  
both labs one of t h e  new approaches r e s u l t e d  from d i f f i c u l t i e s  incur-  
red  by t h e  c u r r e n t l y  p re fe r red  approach; t h e  o the r  r e s u l t e d  from re- 
c e i p t  of new in format ion,  and was independent o f  t h e  s t a t e  of approaches 
c u r r e n t l y  under cons idera t ion .  
%-TECHNICAL APPROACH a 
' 0.8 ECHNICAL APPROACH € 
I .o 
$ ONTECHNI CAL APPROACH p 
ECHNICAC APPROACH 
ECHNICAL APPROACH 
0.6 
o 0.4 z 
I- 
- 
g 0.2 
a .  
n 
L 
0 - _ I  I I I I I i I I I I I '  I I I I I I 
XNTECHNICAL APPROACH a 
O*TECHNICAL APPROACH 
O*TECHNICAL APPROACH y 
V.ITECHNICAL APPROACH 3 
+-TECHNICAL APPROACH 
0.6 
LABORATORY 8 e 
0.2 
0 4 8 12 16 20 24 28 32 36 
TIME (WEEKS) 
FIGURE 3 
DESIGN OF SUBSYSTEM TO *DETERMINE 
ANTENNA POSITION e. , 
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Decay Time for Rejected Approaches 
There a re  a number o f  ways i n  which t h e  data contained i n  these 
p l o t s  can 
i n t roduc t  
w i t h  very 
group has 
be analyzed. Looking a t  t h e  t i  
on o f  approaches, we see t h a t  o 
abrupt ly ,  nor  do new ideas r i s e  
committed very much t ime t o  t h e  
e requ i red  f o r  r e j e c t i o n  o r  
d ideas a re  n o t  dispensed 
very r a p i d l y .  Once an R d, D 
design of a p a r t i c u l a r  ap- 
proach, i t  i s  no t  e a s i l y  convinced t h a t  t h i s  approach should be dropped. 
Ana lys is  o f  31 instances shows t h a t  a once dominant idea takes  about 
s i x  o r  seven weeks on the  average t o  be completely re jec ted .  
ance i s  de f ined as being i n  the  p re fe r red  p o s i t i o n  i n  t h e  p r o b a b i l i t y  
Domin- 
p l o t .  Decay t ime  i s  measured i n  two ways: 
I .  i f  t h e  o l d  approach i s  replaced by a new idea, decay t ime  
i s  t h e  per iod  between i n t r o d u c t i o n  o f  t h e  new idea and t h e  
p o i n t  a t  which t h e  old approach reaches a p r o b a b i l i t y  o f  
zero and s tays the re .  
2. i f  t h e  o l d  approach i s  replaced by one o f  t h e  approaches 
i n i t i a l l y  considered, decay t ime  i s  t h e  per iod  between t h e  
p o i n t  a t  which t h e  two approaches t r a d e  dominance o r  reach a 
t i e d  p o s i t i o n ,  and the p o i n t  a t  which t h e  re jec ted  idea reaches 
zero and s tays the re .  
There i s  a c l e a r  r e l a t i o n  between decay t ime  and t ime  i n  dominance. 
(r=0.54, p(O.001) The longer an idea i s  p re fe r red ,  t h e  more i n e r t i a  i s  
I 
Pearson Product Moment Cor re la t i on  C o e f f i c i e n t  (r)  w i t h  a probabi-  
I 
l i t y  of occurrence (p) o f  a c o e f f i c i e n t  t h i s  high, under t h e  n u l l  hypothe- 
s i s  of no r e l a t i o n ,  less than 0.001. The c o r r e l a t i o n  c o e f f i c i e n t  va r ies  
i n  magnitude from zero t o  one and i s  an index o f  goodness of f i t  t o  a leas t -  
squares s t r a i g h t  I ine.  
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/ b u i l t  up, and t h e  less e a s i l y  i s  it re jec ted .  Th is  i s  independent of 
t h e  abgolute leve l  o f  preference (r=0.03) and o f  t h e  number o f  o the r  
a l t e r n a t i v e s  being considered (r=-0.04). 
A s  engineers inves t  t ime  and e f f o r t  i n  t h e  fo rmu la t i on  and deve- 
lopment o f  a techn ica l  approach, they  become more and more committed 
t o  t h a t  approach, and hence more r e s i s t a n t  t o  d i scon f i rm ing  informa- 
t i o n .  An analogy may be drawn here t o  Bruner ' s  (1957) paradigm o f  
t h e  dec is ion  sequence i n  percept ion.  Dur ing t h e  i n i t i a l  cons idera t ion  
o f  a new idea, t h e  engineer i s  r e l a t i v e l y  "open" t o  s t i m u l a t i o n  from 
h i s  in fo rmat ion  environment. As t h e  amount o f  con f i rm ing  in fo rmat ion  
increases, he r a i s e s  h i s  p r o b a b i l i t y  est imate f o r  t h e  a l t e r n a t i v e  and 
m d i f i e s  h i s  search behavior.  The "openness" t o  new in fo rmat ion  de- 
creases sharp ly  now. The longer he r e t a i n s  t h e  approach i n  a dominant 
p o s i t i o n  w i t h  respect  t o  i t s  a l t e r n a t i v e s ,  t h e  more he a t tenuates  
h i s  search behavior. A t  t h i s  p o i n t  he en 
Bruner 's  f i n a l  stage i n  perceptual i d e n t i  
"...openness t o  add i t i ona l  cues 
and e i t h e r  normalized o r  'gated 
suggest t h a t  once an o b j e c t  has 
e r s  a stage q u i t e  analogous t o  
i ca t i on ,  where: 
i s  d r a s t i c a l  l y  reduced, 
o u t . '  Experiments ... 
been categor ized i n  a 
h igh -p robab i l i t y ,  good- f i t  category,  t h e  th resho ld  for  
recogn iz ing  cues contrary  t o  t h i s  ca tegor i za t i on  increases 
by almost an order  of magnitude." (p. 131) 
What i s  being suggested here i s  t h a t  an engineer tends t o  develop 
a s i m i l a r  th resho ld  as be becomes committed t o  a techn ica l  approach, and 
t h a t  t h i s  th resho ld  severe ly  i n h i b i t s  t h e  e f f e c t  of in fo rmat ion  which 
should t e l l  him t h a t  t he  approach i s  d e f e c t i v e  i n  some way. I n  add i t i on ,  
it appears t o  gate ou t  in format ion r e l a t e d  t o  new a l t e r n a t i v e  approaches. 
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Examination o f  p ro toco l  data reveals t h a t  t h e  vas t  m a j o r i t y  of new 
a l t e r n a t i v e s  introduced du r ing  the course o f  a problem r e s u l t  from an 
a c t i v e  search r e s u l t i n g  from some de fec t  i n  t h e  c u r r e n t l y  p re fe r red  ap- 
proach. Seldan does a new idea en te r  t h e  system s o l e l y  on i t s  own 
m e r i t .  
From s tud ies  o f  percept ion,  and t h e  r e c e i p t  by an engineer of new 
techn ica l  in fo rmat ion  i s  c e r t a i n l y  a complex form o f  percept ion,  t h e r e  
i s  a great  deal o f  support for t h i s  th resho ld  hypothes is .  McGinnies 
(19491, has demonstrated a phys io log ica l  defense mechanism i n  t h e  human 
organism, and a tendency toward h igher  recogn i t i on  th resho lds  for  ta -  
boo as compared t o  neu t ra l  words. Bruner and Postman (1949) have de- 
monstrated a tendency t o  f i x a t e  upon an e a r l y  perceptual  hypothes is  
rming in fo rmat ion  
on of such a 
o d i scon f i rm  a 
and t o  subsequently r e s i s t  t h e  recogn i t i on  o f  d isconf  
Postman, Bruner and Walk (1951) have shown the  operat  
t h resho ld  t o  gate ou t  those s ignals  which would tend 
perceptual  hypothesis.  
R e l a t i v e l y  few data a re  ava i l ab le  i n  t h e  pu re l y  c o g n i t  ve area. 
One may, however, hypothesize t h a t  t h e  opera t ion  of th resho d develop- 
ment i n  t h i s  contex t  i s  a r e s u l t  o f  t h e  progress ive  bu i ldup of cogni- 
t i v e  o rgan iza t ion ,  i.e., of the m u l t i p l e x i t y  and interconnectedness of 
t h e  eng ineer 's  c o g n i t i o n  o f  h i s  design. 
Th is  can be i l l u s t r a t e d  by cons ider ing  an engineer designing, for  
example, a power supply. A t  the s t a r t  o f  t h e  problem he may know l i t t l e  
concerning s p e c i f i c  a l t e rna t i ves ,  except t h a t  they  a re  d i f f e r e n t  and 
have c e r t a i n  very general c h a r a c t e r i s t i c s  which may o r  may no t  be ex- 
- I  I 
pected t o  f u  
t i o n  concern 
i t  as simply 
f i I I t he  needs of the problem. As he gains more informa- 
ng an a l t e r n a t i v e ,  he s h i f t s ,  g radua l ly ,  from t h i n k i n g  of 
a ' rad io iso tope power supply" and comes t o  t h i n k  of i t  
as a " rad io iso tope thermion ic  supply": 
t a i n  amount and k i n d  o f  lead sh ie ld ing;  weighing f o u r  pounds; genera- 
t i n g  twelve wat ts  o f  e f f e c t i v e  power; and hav ing an opera t i ng  temperature 
o f  1500'K. I n  a d d i t i o n  t o  t h i s  increase i n  m u l t i d i m e n s i o n a l i t y  o r  m u l t i -  
p l e x i t y  o f  t h e  concept, i t  becomes p rog ress i ve l y  more interconnected o r  
i n teg ra ted  i n t o  t h e  design of  the system. Several o the r  subsystem de- 
s igns  w i l l  usua l l y  be dependent upon t h e  s o l u t i o n  t o  a p a r t i c u l a r  sub- 
problem such t h a t  t h e r e  i s  a great deal of interdependence among t h e  
subsystems. As t h e  design progresses these interdependencies become 
s t ronger  and more pronounced. Var ious dec is ions  in ,  f o r  example, t h e  
ins t rumenta t ion  subsystem o f  a space v e h i c l e  a r e  dependent upon t h e  
power supply design. Changes in  t h a t  design imply changes i n  i n s t r u -  
mentat ion which i n  t u r n  imply changes elsewhere and so on. Such 
employing Cm 242; having a cer- 
progresses. 
n t h e  c o g n i t i v e  s t ruc-  
y. As t h e  o rgan iza t i on  
it becomes more and more 
d i f f i c u l t  f o r  him t o  envisage fundamental changes. I t  seems p e r f e c t l y  
reasonable then t h a t  h i s  cogn i t i ve  system should become more r e s i s t a n t  
fundamental 
on a l te rna -  
on, i t  deve- 
changes become more d i f f i c u l t  t o  make as t ime 
A l l  o f  t h i s  i s  r e f l e c t e d  t o  some ex ten t  
t u r e  o f  t he  engineer des ign ing t h e  power supp 
of h i s  c o g n i t i v e  map progress ive ly  increases, 
t o  change and t h a t  a th resho ld  aga ins t  in fo rmat ion  imply ing 
change should bui  I d  up as p a r t  o f  t h i  s process 
t i v e  becomes more embedded i n  a growing cogn i t  
lops  a g rea ter  res is tance t o  change. 
As a s o l u t  
ve organ iza t  
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he 
t h e  
des 
s confronted w i t h  in format ion t h a  
dimensions: perhaps it begins t o  
gn has become t o o  complex and has 
T h i s  phenomenon can be seen q u i t e  o f t e n  i n  t h e  pro toco l  data.  An 
engineer decides ra the r  e a r l y  t o  pursue a p a r t i c u l a r  a l t e r n a t i v e  and 
formulates h i s  design t o  a considerable degree of s o p h i s t i c a t i o n .  Then 
something i s  wrong w i t h  one of 
appear t o  be too c o s t l y ,  or t h e  
s a c r i f i c e d  r e l i a b i l i t y .  Th i s  
in fo rmat ion  may be ignored a t  f i r s t ,  o r  an i no rd ina te  amount o f  e f f o r t  
may be expended i n  a t t a c k i n g  t h i s  aspect of t h e  problem (which migh t  
r e a d i l y  appear i n t r a c t i b l e  t o  an equa l l y  experienced o u t s i d e r ) .  A t  
length he comes around and accepts t h e  necess i ty  for  bas ic  m o d i f i c a t i o n  
i n  t h e  design, bu t  t h e  process usual l y  requ i res  a considerable amount 
of t ime  and energy f o r  i t s  accomplishment. 
I n  a l l  o f  t h i s ,  it i s  n o t  our i n t e n t  t o  deny t h e  a f f e c t i v e  CM- 
ponent. Despi te  t h e  norm of dispassionateness, engineers do become 
committed t o  t h e i r  own designs. T h i s  commitment undoubtedly develops 
w i t h  t ime.  But such commitment should a l s o  be a f u n c t i o n  o f  t h e  
uniqueness o f  t h e  design, and i n  t h e  instances under examination few 
o f  t h e  re jec ted  approaches could be considered t o  be r e a l l y  very  novel .  
Furthermore, t h e  engineers were i n  a p o s i t i o n  t o  c l a i m  f u l l  c r e d i t  f o r  
t h e  development of  t h e  replacement idea and had l i t t l e  t o  lose and 
a c t u a l l y  something t o  ga in through r e j e c t i o n  o f  t h e  o l d  ideas. 
2 
2 
For  a f a s c i n a t i n g  d iscuss ion of t h i s  problem, t h e  reader i s  re -  
f e r r e d . t o  an a r t i c l e  by T .  C.  Chamberlin o r i g i n a l l y  publ ished i n  1890 
and r e p r i n t e d  i n  Science, 148, 7 May 1965, pp. 754-759. 
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Number of A l t e r n a t i v e  Approaches Considered 
Engineers considered frm one t o  e i g h t  approaches t o  a subproblem 
w i t h  a median o f  th ree .  (Table I ) .  Two of t h e  th ree  approaches were 
considered from t h e  beginning of  t h e  p r o j e c t ,  w i t h  a median of one 
new approach a r i s i n g  du r ing  t h e  p r o j e c t ' s  course. 
TABLE I 
Median Number of  A l t e r n a t i v e  Approaches Considered 
(20 Subproblem Pairs;  Three P a r a l l e l  P r o j e c t s )  
med i an range 
t o t a  I 3 1 - 8  
i n i t i a l  2 1 - 5  
a d d i t i o n a l  I 0 - 5  
The ideas which come up l a t e r  i n  t h e  p r o j e c t  have a success r a t e  o f  
about 15%, compared w i t h  a success r.ate of  39.5% for i n i t i a l l y  considered 
approaches. E igh ty  per cent  of t h e  approaches f i n a l l y  adopted were among 
those i n i t i a l l y  considered. Only 20 per  cent  of s o l u t i o n s  o r i g i n a t e d  
d u r i n g  t h e  course of t h e  study. 
Consider ing once again the t o t a l  number 
considered by t h e  engineers, it was hypothes 
of a l t e r n a t i v e  approaches 
zed t h a t  t h i s  number shou d 
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bear 
hypo 
cons 
t h a t  
a d i r e c t  r e l a t i o n  t o  s o l u t i o n  q u a l i t y .  More s p e c i f i c a l  Y, t h e  
hes i s  s ta ted  t h a t  t h e  greater  t h e  number o f  a l t e r n a t i v e  approaches 
dered t o  a subproblem, t h e  b e t t e r  t h e  q u a l i t y  of t h e  so u t i o n  t o  
subproblem. 
On e i g h t  of the  20 subproblem p a i r s  i n  t h e  sample, r e l a t  
ua t ions  of t h e  so lu t i ons  were obta 
t o r s  i n  t h e  government agency. I n  
ve eva l -  
ned f r o m  responsib le  techn c a l  moni- 
t h e  remaining twelve,  scores were 
e i t h e r  t i e d  o r  no eva lua t ion  was a v a i l a b l e .  T h i s  r e l a t i v e  eva lua t i on  
permi ts  t h e  use o f  simple t e s t s  between t h e  number o f  a l t e r n a t i v e s  con- 
s idered and judged q u a l i t y  of the s o l u t i o n .  
Not o n l y  i s  t he  hypothesis concerning t o t a l  number o f  a l t e r n a t  
n o t  supported by the  data, b u t  as can be seen from Table I I ,  t h e  r e  
t i o n  i s  i n  t h e  opposi te  d i r e c t i o n .  
Engineers submi t t ing  h igher- rated s o l u t i o n s  a c t u a l l y  cons ider  
ves, 
a- 
fewer a l t e r n a t i v e s  than t h e i r  lower-rated compet i tors .  Th is  n o t  on l y  
c o n t r a d i c t s  t h e  hypothes is  bu t  appears t o  be i n  d i r e c t  c o n f l i c t  w i t h  
p rev ious  f i nd ings .  A l l e n  and Marquis (1964) i n  a study of two R & D 
proposal  compet i t ions found t h a t  teams cons ider ing  a l a rge r  number o f  
approaches t o  a proposal subproblem were b e t t e r  ab le  t o  overcome ne- 
g a t i v e  t r a n s f e r  from r e l a t e d  p r i o r  experience. Furthermore, go ing back 
t o  t h e  data from the  e a r l i e r  study, it i s  found t h a t  proposal teams sub- 
m i t t i n g  successful  s o l u t i o n s  had considered 2.13 approaches, on he aver-  
age, compared w i t h  a mean o f  1.71 f o r  teams w i t h  unsuccessful so u t ions .  
"Success" was determined by techn ica l  eva lua tors  i n  t h e  customer agency. 
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Since proposal compet i t ions represent  a r e l a t i v e l y  e a r l y  phase i n  
t h e  R h D process, t h e  p o s s i b i l i t y  remains t h a t  t h e  r e l a t i o n  between 
number o f  a l t e r n a t i v e s  and q u a l i t y  i s  a f u n c t i o n  o f  problem phase, and 
t h a t  t h i s  r e l a t i o n  s h i f t s  d i r e c t i o n  as t h e  p r o j e c t  progresses beyond 
i t s  i n i t i a l  phase. To t e s t  t h i s  p o s s i b i l i t y  t he  number o f  approaches 
considered i n i t i a l  l y  a re  separated o u t  and compared. As can be seen 
i n  Table I I ,  
lower-rated subproblems, bu t  i s  reduced i n  magnitude and f a r  from s t a t i s -  
t i c a l  s ign i f i cance .  The l a s t  l i n e  i n  t h e  t a b l e  shows t h a t  t h e  r e a l  d i s -  
t i n c t i o n  between t h e  two se ts  l i e s  i n  t h e  number o f  a l t e r n a t i v e s  generated 
when a team encounters t r o u b l e  w i t h  one o f  t h e i r  i n i t i a l  approaches, and 
t h i s  d i f f i c u l t y  i s  r e f l e c t e d  i n  a g rea ter  number o f  a l t e r n a t i v e s  generated 
d u r i n g  t h e  l a t e r  stages o f  t h e  problem and i n  the  q u a l i t y  of t h e  solu- 
t i o n .  
t h i s  d i f f e r e n c e  i s  s t i l l  i n  a d i r e c t i o n  which favo rs  t h e  
TABLE I I 
Mean Number o f  A I t e r n a t  i ve Approaches 
Considered per Subproblem 
(E igh t  Subproblem P a i r s )  
subproblems w i t h  subproblems w i t h  P 
h i gher-rated I ower-rated (as determined 
so I u t i  ons by t t e s t )  so I u t i  ons 
t o t a  I 2.88 4.37 0.06 
i n i t i a l  2.38 2.63 0.10 
a d d i t i o n a l  0.50 I .75 0.05 
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Number o f  A l t e r n a t i v e  Approaches Considered Simultaneously 
I n  F igures  2 and 3 i t  may be noted t h a t  t h e r e  i s  a d i s t i n c t  tendency 
for  engineers t o  consider bu t  two o r  th ree  a l t e r n a t i v e s  a t  any g iven t ime.  
Dur ing  t h e  course o f  a problem, they  may consider  as many as e i g h t  a l t e r -  
na t ives ,  bu t  they seldom r e p o r t  cons ider ing  a l l  o f  these a t  once. The 
mean number o f  a l t e r n a t i v e s  s imultaneously considered ranges from one 
t o  f i v e  w i t h  a mean o f  2.20. These s t a t i s t i c s  a re  based upon those weeks 
p r i o r  t o  t h e  p o i n t  a t  which one of t h e  approaches a t t a i n s  a p r o b a b i l i t y  
o f  1.0 and s tays the re .  Inc lus ion  of r e p o r t s  received beyond t h a t  p o i n t  
would obv ious ly  lower t h e  mean value. 
F igu re  4 prov ides a r e l a t i v e  frequency d i s t r i b u t i o n  o f  s imultaneously 
considered a l t e r n a t i v e s  and i s  based upon weekly repo r t s .  The s t rong 
c e n t r a l  tendency around two a l t e r n a t i v e s ,  and t h e  sharp c u t o f f  above 
t h r e e  can be seen q u i t e  readi  l y  from t h i s  f i g u r e .  
Since eva lua t ions  o f  so lu t i on  q u a l i t y  a re  a v a i l a b l e  f o r  e i g h t  o f  
t h e  20 subproblem pa i rs ,  a comparison was made between t h e  means f o r  
groups submi t t ing  lower and h igher- rated so lu t i ons .  On t h e  average 
those producing h igher  ra ted  so lu t ions  considered 2.08 a l t e r n a t i v e s  a t  a 
t ime;  lower ra ted  teams considered 2.42 a l t e r n a t i v e s  a t  a t ime.  The d i f -  
ference between means i s  s t a t i s t i c a l l y  s i g n i f i c a n t  a t  t h e  0.001 leve l .  
Frequency d i s t r i b u t i o n s  o f  a l t e r n a t i v e s  ( f i g u r e  5) for  t h e  r e l a -  
t i v e l y  h igher  and lower ra ted  performances show t h a t  those teams t u r n i n g  
i n  b e t t e r  performances come much c l o s e r  t o  t h e  ideal  of two a t  a t ime.  
In f a c t ,  81% of t h e  t ime they repo r t  cons ider ing  o n l y  two a l t e r n a t i v e s  
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(58% for  lower-rated) and they never r e p o r t  cons ider ing  more than t h r e e  
a l t e r n a t i v e s .  A Kolmogorov-Smirnov two-sample t e s t  (Siege1 1956) re- 
j e c t s  t h e  n u l l  hypothes is  t h a t  these two samples a r e  drawn from t h e  
same universe (p(O.001). 
I t  t hus  appears t h a t  more successful  engineers d i f f e r  from t h e i r  
b re th ren  who a re  poorer problem-solvers i n  t h e  manner i n  which they  
t r a d e  o f f  and consider  a l t e r n a t i v e  s o l u t i o n  p o s s i b i l i t i e s .  Fur ther ,  
t h e  p r i n c i p a l  d i f f e r e n c e  appears t o  be t h e  tendency toward l i m i t i n g  
t h e i r  cons idera t ion  t o  two a l t e r n a t i v e s  a t  a t ime.  
Why should t h i s  be so? A number of i nves t i ga to rs ,  ( M i l l e r ,  1965; 
Hayes, 1962; Santa Barbara and Pare/, 1965) have demonstrated a f in1 t e  
l i m i t a t i o n  on human in fo rmat ion  process ing capac i ty .  Neimack and 
Wagner have shown f u r t h e r  t h a t  amount o f  in fo rmat ion  ga ther ing  i s  a 
l i n e a r  f u n c t i o n  o f  log  in (where n i s  t h e  number of poss ib le  s o l u t i o n s ) .  
While t h e i r  measure of in format ion ga ther ing  i s  t h e  number of d i s c r e t e  
s teps taken i n  a ra the r  l i m i t e d  t y p e  of problem, it does seem c l e a r  
t h a t  t h e  amount o f  in fo rmat ion  which must be processed should increase 
w i t h  t h e  number of a l t e r n a t i v e s  being considered. Hayes (1962) has 
shown q u a l i t y  o f  s o l u t i o n  i n  a decision-making contex t  t o  be indepen- 
dent  of t h e  amount o f  in format ion (number o f  c h a r a c t e r i s t i c s )  prov ided 
on each a l t e r n a t i v e ,  bu t  t o  be s i g n i f i c a n t l y  decreased as t h e  number 
of a l t e r n a t i v e s  i s  increased from f o u r  t o  e i g h t .  Increas ing t h e  number 
of c h a r a c t e r i s t i c s  increases the d imens iona l i t y  o f  t h e  judgement. M i l l e r  
(19561, i n  h i s  summary o f  a large number o f  s tud ies  has shown t h a t  in -  
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creas ing t h e  number o f  dimensions operates through t h e  i n te rven ing  var-  
i a b l e  o f  c o d a b i l i t y  t o  improve in fo rmat ion  t r a n s f e r  capac i ty  a t  a some- 
what less than l i n e a r  r a t e .  Increas ing t h e  number o f  a l t e r n a t i v e s ,  on 
t h e  o the r  hand, does n o t  ease c o d a b i l i t y  and merely adds d i r e c t l y  t o  t h e  
amount o f  in fo rmat ion  t o  be processed. I n  t h i s  same l i ne ,  De Groot 
(19641, i n  a study o f  chess s t ra teg ies ,  f i n d s  t h a t  grandmasters r a t h e r  
severe ly  l i m i t  t h e  number of a l t e r n a t i v e  moves which they consider  i n  
fo rmu la t i ng  s t ra tegy .  Yntema and Torgerson (1961) i n  a d iscuss ion of 
f u t u r e  research on eva lua t i ve  dec is ions p r e d i c t  t h e  key concept t o  
be t h a t  of problem s i m p l i f i c a t i o n .  They mention a number o f  poss ib le  
s t r a t e g i e s  f o r  reducing t h e  number o f  f a c t s  which must be considered 
a t  one t i  me, and thereby I essen i ng "cogn it i ve s t  f a  i n" . 
From t h e  data repor ted here, it appears t h a t  engineers operate 
t o  reduce " c o g n i t i v e  s t r a i n "  through t h e  h e u r i s t i c  o f  reducing t h e  
number o f  a l t e r n a t i v e  so lu t i ons  under cons ide ra t i on  a t  any t ime. 
Furthermore, t h i s  appears t o  be an e f f e c t i v e  h e u r i s t i c  s ince  t h e  da ta  
show a c l e a r  r e l a t i o n  t o  so lu t i on  q u a l i t y .  
The be t te r -per fo rming  engineers i n  our  sample, when confronted 
w i t h  t h i s  d i f f i c u l t y  managed t o  cope w i th  it through t h e  h e u r i s t i c  of 
comparing two a l t e r n a t i v e s  a t  a t ime,  tempora r i l y  r e j e c t i n g  one w h i l e  
b r i n g i n g  up another f o r  comparison, thus  proceeding through as many as 
e i g h t  a l t e r n a t i v e s  on a two-at-a-time basis.  
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SIfiIbiARY AND CONCLUS IONS 
I n  ~umrmry, I-hc pcApor ILIZ ( i  , ~ o r l s t - r ~ t c d  the  f c o s i b i  I i t y  o f  a new 
technique f o r  I-he s t u d y  o f  I h ( :  t ,  t, U process. Th is  technique employs 
t h e  veh ic le  o f  p a r a l l c l  p ro jec ts  i o  ; j rov ide a c o n t r o l  over the  substance 
o f  t h e  problem and t o  enabla a r e l a t i v e  eva lua t i on  o f  so lu t i ons .  Data 
a r e  gathered by means o f  So lu t ion  Development Records, which r e p o r t  t h e  
p r o b a b i l i t y  o f  adopt ion associated w i t h  each s o l u t i o n  a l t e r n a t i v e  on a 
weekly bas is ,  and by before and a f t e r  i n te rv iews  w i t h  t h e  engineers. 
I .  Khen a techn ica  
comes p re fe r red  
jected; and t h e  
The p r i n c i p a l  conclusions of  t h e  study are:  
approach t o  an eng ineer ing  prob 
over any other ,  it i s  no t  easi  l y  
longer it i s  i n  a dominant p o s i t  
r e j e c t .  t h e  more d i f f i c u l t  it becomes t o  
2. Groups producing h i gher-rated so 
new approaches dur ing t h e  course 
em be- 
re- 
on f 
u t i o n s  generated fewer 
of t h e  p r o j e c t .  There 
is some i n d i c a t i o n  t h a t  these a r i s e  when t h e  favored 
approach encounters d i f f i c u l t y ,  and a re  probably sumpto- 
mat ic  o f  poor ea r l y  choices.  
3 .  R & D groups t rade a l t e r n a t i v e s  o f f  on a two-at-a-time 
bas is .  And t h e  be t te r -per fo rming  groups come c lose r  t o  
t h i s  ideal  than do t h e i r  r i v a l s .  Th i s  appears t o  be 
t h e  r e s u l t  of  l i m i t a t i o n s  on t h e  a b i l i t y  o f  humans t o  
process in format ion,  The cons idera t ion  o f  more than 
two mult id imensional  a l t e r n a t i v e s  o f  t he  s o r t  s tud ied 
may approach channe I capac i t y  . 
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